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Edited by Felix WielandAbstract Recent genetic work characterized homozygous
mutations in the SIL1 gene as cause for the neurodegeneration
that is associated with Marinesco–Sjo¨gren syndrome in man
and the woozy mouse mutant. All reported mutations were ex-
pected to result in loss of Sil1 function. Sil1 has previously been
shown to act as nucleotide exchange factor for the molecular
chaperone immunoglobulin heavy chain binding protein (BiP)
in the lumen of the endoplasmic reticulum (ER). In the yeast
ER Lhs1p was shown to be able to substitute for Sil1p and to
represent an alternative nucleotide exchange activity. Therefore,
by analogy the mammalian ortholog of Lhs1p, Grp170, was sug-
gested to be able to compensate for the loss of Sil1 function in
many mammalian organs. Here we characterize mammalian
Grp170 as alternative nucleotide exchange factor for BiP, thus
providing a likely explanation for the non-lethal phenotype of
the homozygous human and murine SIL1 mutations.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cotranslational protein transport into the endoplasmic retic-
ulum involves two Hsp70-type molecular chaperones of the
ER–lumen (Kar2p and Lhs1p in yeast [1–3]; BiP and Grp170
in mammals [4–9]), as well as their Hsp40-type co-chaperone
(Sec63p in yeast [10]; Sec63p and ERj1p in mammals [11–
15]) and their nucleotide exchange factor (Sil1p in yeast [16];
Sil1/BAP in mammals [17]). Furthermore, Lhs1p was shown
to be an alternative nucleotide exchange factor for Kar2p in
yeast [18]. In contrast to SEC63 and to KAR2, both LHS1
and SIL1 are non-essential genes in yeast [16]. However, (i)
simultaneous deletion of both genes results in synthetic lethal-
ity [16], (ii) deletion of LHS1 results in accumulation of prese-
cretory proteins in the cytosol that can be suppressed by
overproduction of Sil1p and (iii) conditional SEC63 andAbbreviations: ER, endoplasmic reticulum; ERAD, ER associated
degradation; BiP, immunoglobulin heavy chain binding protein; Grp,
glucose regulated protein; Hsp, heat shock protein; UPR, unfolded
protein response
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late precursors of secretory proteins in the cytosol under non-
permissive conditions [1,2]. In addition, the two Hsp70s and
their nucleotide exchange factors are involved in protein fold-
ing and protein assembly in the ER, and at least BiP and
Kar2p are also involved in export of mis-folded polypeptides
from the ER for degradation by the proteasome (ERAD, ER
associated protein degradation) [19].
Recent genetic work characterized mutations in the SIL1
gene as cause for the neurodegeneration that is associated with
Marinesco–Sjo¨gren syndrome in man (MSS, OMIM 248800)
[20,21] and the so called woozy mouse mutant [22]. In both
cases, homozygous carriers of the defect show ataxia with cer-
ebellar Purkinje cell loss. However, in contrast to the situation
in the mouse mutant, the ataxia associated with MSS is not
adult-onset and in MSS other organs show signs of degenera-
tion, too (eye, skeletal muscle). It was argued that in mammals,
too, there may be a second nucleotide exchange factor for BiP
and that this prevents an otherwise expected lethal phenotype
of the observed mutations. Here we addressed the question of
whether or not Grp170 (also termed ORP150) may be the pre-
dicted alternative nucleotide exchange factor for BiP (also
termed Grp78 or HspA5).2. Materials and methods
2.1. Materials
ATP-C8-agarose was from Sigma Chemical Company. [32P]ATP,
ATP, Superose 6B, MicroSpin G-50 columns, and X-ray ﬁlms were
from GE Healthcare. CHAPS was from Calbiochem. Puriﬁcation of
the recombinant GST-hybrid protein (GST-ERj1J) was carried out
on glutathione–Sepharose 4 Fast Flow in a manner similar to that de-
scribed for puriﬁcation of a GST-Sec63J hybrid [12]. Puriﬁcation of
His-tagged murine BiP without signal peptide was described elsewhere
[12]. His-tagged human Sil1 without signal peptide was puriﬁed
according to Chung et al. [17].
2.2. ATPase assay
Steady-state assays were incubated for 60 min at 37 C in 40 mM
HEPES–KOH, pH 7.4, 25 mM KCl, 2.5 mM MgCl2. The stan-
dard protein concentrations were: BiP, 1–2.5 lM; Hsp40, 1–2 lM;
and Grp170, 0.25–0.5 lM. Reactions were started by adding 5% (v/
v) of an ATP cocktail that contained 0.1 lCi [c32-P]ATP (4,500 Ci/
mmol)/100 ll plus 10 mM unlabeled ATP. Aliquots were removed
from the assay at the indicated times and quenched with an equal vol-
ume of 60 mM EDTA. The samples were analyzed by thin layer chro-
matography on polyethyleneimide–cellulose in 1 M formate and
0.5 M LiCl. ATP hydrolysis was calculated as ratio between c32-P
and c32-P plus [c32-P]ATP after the thin layer plates were analyzed
by phosphorimaging (Molecular Dynamics; ImageQuant software
5.1).blished by Elsevier B.V. All rights reserved.
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Preloading of Hsp70s (2.5 lM Grp170; 5 lM BiP) was carried out
with 100 lCi [a-32P]ATP (3,000 Ci/mmol)/40 ll for 10 min at room
temperature in 85 mMHEPES–KOH, pH 7.4, 1.5 mMMgCl2. Protein
was separated from unbound nucleotide by centrifugation in Micro-
Spin G-50 columns. Subsequently, the labeled Hsp70 (0.3 lM
Grp170; 1 lM BiP) was incubated at room temperature in the absence
or presence of the other Hsp70 (0.3 lM Grp170; 1 lM BiP) or ERj1J
(1–2 lM) or Sil1 (2 lM) and unlabeled ATP (100 lM) and KCl
(25 mM). Aliquots were taken at the indicated times and the bound
nucleotides were re-isolated by centrifugation in MicroSpin G-50 col-
umns and analyzed on TLC plates as described above.3. Results
Our previous attempts to purify Grp170 ended with an ATP-
agarose eluate that contained a mixture of Grp170 and BiP [4].
Here we employed gel ﬁltration chromatography in the pres-
ence of ATP as subsequent and ﬁnal step for Grp170 puriﬁca-
tion (Fig. 1(a)). Next we asked whether or not Grp170 has any
intrinsic ATPase activity that can be stimulated by ERj1J, the
J-domain of ERj1p [13,14]. This was addressed in the steady-
state ATPase assay (Fig. 1(b)) that was also employed for
BiP (Fig. 1(c)). Grp170 had a low basal ATPase activity that
was stimulated by ERj1J. This was conﬁrmed in a single turn-
over assay. Grp170 was incubated with [a-32P]ATP and sepa-
rated from unbound nucleotide. Subsequently, the labeled
Grp170 was or was not supplemented with ERj1J. After sepa-
ration from unbound nucleotides, the bound nucleotides were
analyzed on TLC plates (Fig. 2(a)). There was conversion of
Grp170:ATP to Grp170:ADP that was somewhat stimulated
by ERj1J under these conditions (Fig. 2(a), lane 1 versus 4;Fig. 1. Functional characterization of Grp170: puriﬁcation and eﬀect in th
carried out with canine pancreatic microsomal extracts as described [4] and fo
were analyzed by SDS–PAGE and protein staining with Coomassie Brilliant
conditions as described [12] and analyzed by phosphorimaging. The concen
0.25 lM; Sil1, 2 lM. The data from various experiments were normalized w
standard errors of the mean (S.E.M.) are presented and, typically, were basFig. 2(b)). In a similar experiment, BiP showed a 10-fold high-
er basal ATPase activity that was further stimulated by ERj1J
(Fig. 2(c), lane 1 versus 4). We note, however, that the ATPase
activity of Grp170, as stimulated by ERj1J, appeared to be
stimulated further by the simultaneous presence of BiP
(Fig. 2(a), lane 1 versus 10; Fig. 2(b)). Alternatively, labeled
ATP may have been hydrolyzed by BiP after direct transfer
from the ATP-binding cleft of Grp170 to the ATP-binding
cleft of BiP under these conditions.
In order to analyze the potential nuleotide exchange activity
of Grp170, steady-state ATPase assays were carried out that
involved BiP and Grp170-in a physiological ratio-plus ERj1J
(Fig. 1(c)). The established nucleotide exchange factor Sil1
served as a positive control in these experiments (Fig. 1(d)).
Under conditions of stimulation of BiP’s ATPase activity by
ERj1J, Grp170 led to further acceleration of ATP hydrolysis
(Fig. 1(c)). Grp170 was more eﬃcient than Sil1 in this respect
(Figs. 1(c) and (d)). In contrast to Sil1, Grp170 did not stimu-
late BiP’s ATPase activity in the absence of ERj1J (Figs. 1(e)
and (f)).
Next, the potential nucleotide exchange factor activity of
Grp170 was also analyzed in the single turnover, turned nucle-
otide exchange assay. In this case, BiP was incubated with
[a-32P]ATP and separated from unbound nucleotide. Subse-
quently, the labeled BiP was incubated in the absence or pres-
ence of ERj1J or Grp170 or both plus unlabeled ATP for the
indicated times and the bound nucleotides were analyzed on
TLC plates (Fig. 2(c)). Again, the established nucleotide ex-
change factor Sil1 served as a positive control (Fig. 2(e)). As
expected, ERj1J stimulated the conversion of BiP:ATP to
BiP:ADP (Fig. 2(c), lane 1 versus 4), but ERj1J did not accel-e steady-state ATPase assay. (a) ATP–agarose chromatography was
llowed by Superose 6-gel ﬁltration in the presence of ATP. All samples
Blue. (b)–(f) ATP hydrolysis assays were carried out under steady-state
trations were: ATP, 500 lM; BiP, 2 lM; ERj1J, 2 lM; and Grp170,
ith respect to the basal ATPase activity of BiP. Average values and
ed on n = 3 (exceptions: Sil1 and BiP + Sil1 in (f)).
Fig. 2. Functional characterization of Grp170: eﬀect in single-turnover assay. (a)–(f) Nucleotide exchange assays were carried out according to
published procedures [17] and analyzed by phosphorimaging. In the case of preloaded Grp170 (a), the hydrolysis of Grp170-bound ATP was
calculated on the basis of the amount of ADP as a percentage of the sum of ADP plus ATP for the 0 min time point (b). In the case of preloaded BiP
(c), (e), the amount of residual BiP-bound ADP is given as a percentage of the input (0 min) (d), (f). The concentrations were: BiP, 1 lM; ERj1J,
1 lM; Grp170, 0.3 lM; Sil1, 2 lM. Average values and standard errors of the mean (S.E.M.) are presented and were based on n = 3.
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accelerated the exchange of [a-32P]ADP with unlabeled ATP
both in the absence and presence of ERj1J (Fig. 2(d)).
Grp170 was more eﬃcient than Sil1 in this respect (Fig. 2(d)
and (f)). Thus Grp170 is indeed a nucleotide exchange factor
for BiP. Next we re-examined the converse experiment. While
BiP stimulated the ATPase activity of Grp170 in the presence
of ERj1J (Fig. 2(b)), it did not accelerate nucleotide exchange
both in the absence and presence of ERj1J (Fig. 2(a), lanes 1–3
versus 7–9 and 10–12).4. Discussion
Grp170 was characterized as an alternative nucleotide ex-
change factor for BiP. This is in perfect agreement with the fact
that loss of Sil1 function in man and mice does not cause
lethality [20–22]. Thus, like in yeast [16], the presence of the
additional nucleotide exchange factor Grp170 in various or-
gans of mammals may be able to compensate the loss of Sil1
function. It remains to be seen why the brain and the cerebel-lum of man and mice is particularly sensitive towards loss of
Sil1 function. Possibly, the concentration of Grp170 is partic-
ularly low in the cerebellum or its overproduction in the course
of the unfolded protein response (UPR) that is induced by loss
of Sil1 function is not high enough [22].Acknowledgements: We are grateful to Linda Hendershot (Memphis,
USA) for the kind gift of the Sil1 expression plasmid. This work was
supported by the SFB 530.References
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